A cute rejection is the major obstacle for allograft survival in nonimmunosuppressed animals. T-cell activation, which is the main step in initiating rejection following solid organ transplantation, needs 3 sequential signals.
1 Signal 1 requires interaction of a major histocompatibility complex molecule that carries an allopeptide on an antigen-presenting cell with a T-cell receptor on the recipient T cell. Signal 2 is provided by the binding of costimulatory molecules on an antigen-presenting cell (e.g., CD80/CD86) with their T-cell counterparts (e.g., CD28). Signals 1 and 2 activate the downstream pathways of calcium-calcineurin, RAS-mitogen-activated protein kinase, and nuclear factor-kappa B pathways, which trigger the expression of several cytokines, including interleukin (IL)-2. Signal 3 follows IL-2/IL-2 receptor binding, which activates mammalian target of rapamycin (mTOR) that leads to T-cell proliferation and clonal expansion. Fully activated T cells can then initiate T-cell-mediated rejection and/or activate B cells to trigger antibodymediated rejection.
1,2 Disrupting T-cell activation has been the target for immunosuppressive medications in solid organ transplantation. The development of potent immunosuppressive medications has dramatically decreased the incidence of early acute rejection and improved short-term allograft survival. 3 Despite this significant improvement, long-term allograft survival remains suboptimal. This may be largely attributed to the limitations of the current immunosuppressive agents related to their toxic side effects and inability to control late smoldering rejection. 4 Calcineurin Inhibitors The introduction of cyclosporine and then tacrolimus has revolutionized the field of solid organ transplantation. Because cyclosporine has been used for a longer time, most data in this field pertain to cyclosporine. However, tacrolimus, which is the current first-line immunosuppressive agent in kidney transplant recipients, 5, 6 causes similar functional and structural nephrotoxicity. [7] [8] [9] Priming T cells via signal 1 in the presence of signal 2 leads to an increase in intracellular calcium concentration and activates calcineurin. The latter moves to the nucleus and stimulates proinflammatory cytokines that are necessary for T-cell activation. 2 Calcineurin inhibitor (CNI) binds intracellular proteins called immunophilins (FK-binding proteins if tacrolimus) to form a complex that can bind and inhibit intracellular calcineurin and, thus, block further T-cell activation. 2 Despite being the backbone of current immunosuppression, there is considerable concern that CNI use may lead to significant nephrotoxicity. 10 CNI can cause endothelial cell injury and vasoconstriction, which is mediated by production of endothelin, activation of renin-angiotensin II system, and inhibition of vasodilators (such as cyclooxygenase-2 and nitric oxide). 7 This vascular toxicity often manifests as hypertension and decreased glomerular filtration rate. CNI is also associated with acute tubular damage, which its mechanism is not completely understood. In addition to ischemia effects, tubular injury can be caused by direct toxicity probably affecting endoplasmic reticulum and mitochondria. 7, 11 Acute CNI Toxicity Acute CNI nephrotoxicity typically occurs early after kidney transplantation, correlates with the period of high CNI exposure, and is often reversible with dose reduction or discontinuation of the drug. 12 There are 3 major clinico-pathologic manifestations of acute CNI toxicity: functional/acute arteriolopathy, thrombotic microangiopathy (TMA), and toxic tubulopathy. 7 Acute arteriolopathy is a hemodynamically mediated phenomenon that leads to allograft dysfunction secondary to afferent arteriolar constriction and increased renal vascular resistance. 13, 14 Sometimes, acute arteriolar toxicity can manifest as arteriolar wall vacuolization, which is a morphologic expression of arteriolar vasospasm (Figure 1a and b) . 15 That said, arteriolar wall vacuolization is neither sensitive nor specific for CNI toxicity and can be even encountered in a subgroup of implantation biopsies. 16 TMA is a rare manifestation of a more severe form of acute CNI-induced vascular damage. [17] [18] [19] Extensive endothelial injury causes endothelial leaking, necrosis, or sloughing that consequently leads to antifibrinolysis, platelet aggregation, and activation of coagulation cascades. 18, 20 Accordingly, the biopsy usually shows fibrinoid necrosis and/or thrombi affecting the afferent arterioles, and to a lesser extent, the glomeruli (Figure 1c ). The differential diagnosis of CNI-induced TMA should include other forms of TMA, such as accelerated antibody-mediated rejection, anti-phospholipid syndrome, procoagulant states, and recurrent hemolytic-uremic syndrome.
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clinical correlation is highly important to obtain a precise diagnosis. Another feature of acute/subacute CNI toxicity is toxic tubulopathy. The most common histological finding is isometric cytoplasmic vacuolization of the proximal tubules, which is usually focal in nature. These vacuoles are composed of enlarged endoplasmic reticulum. As the name isometric implies, the vacuoles are small and evenly distributed within the cytoplasm (Figure 1d) . 21 In addition to the enlarged endoplasmic reticulum, the affected tubules can sometimes show giant mitochondria. 22 Contrary to acute arteriolopathy, morphologic manifestations of CNI-induced acute tubular toxicity may be seen in protocol biopsies obtained from transplant patients without overt allograft dysfunction. 7 Therefore, some investigators do not consider them as critical precursors for chronic allograft damage.
23 Tubular vacuolization is not highly specific for acute CNI toxicity and has been documented in allograft biopsies of patients with CNI-free regimens, renal ischemia, or even in association with rejection. 9 Isometric vacuolization with more pronounced swelling of the tubular cytoplasm can be seen in "osmotic nephrosis," which can occur following treatment with i.v. Ig, radiocontrast, or dextran. 24, 25 In contrast to isometric vacuolization attributed to CNI, the vacuoles in osmotic nephrosis are usually composed of lysosomes, which contain the culprit agent that enters the cytoplasm via pinocytosis.
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On the other hand, it is also important to keep in mind that CNI-induced tubular toxicity may manifest morphologically as tubular degenerative changes without overt isometric vacuolization. In an early for cause allograft biopsy without concurrent rejection or other known causes of acute tubular necrosis (ATN), the possibility of acute CNI toxicity should be raised when observing a combination of acute tubular and vascular injury, e.g., tubular degenerative changes with prominent arteriolar vacuolization or endothelial swelling. 17 
Chronic CNI Toxicity
Chronic CNI nephrotoxicity was first described in heart transplant recipients following prolonged exposure to cyclosporine. 27 In kidney allograft recipients, chronic CNI nephrotoxicity typically occurs several months posttransplantation and the incidence increases gradually with time, probably due to cumulative and persistent vascular damage. Clinically, it is characterized by hypertension, progressive allograft insufficiency, and variable proteinuria. The histologic indicators of chronic CNI nephrotoxicity include hyaline arteriolopathy, striped tubulointerstitial scarring, and glomerulosclerosis. 7, 28 Hyaline arteriolopathy is recognized by some as the "hallmark" of chronic CNI nephrotoxicity. It is likely secondary to prolonged vasoconstriction and persistent damage to endothelial and smooth muscle cells. 7, 29, 30 Animal studies have shown that CNI-induced arteriolar damage affects mainly the afferent arterioles and manifests first as granular eosinophilic transformation of smooth muscle cells, which develop later to coarse vacuoles of the muscularis, and finally to amorphous hyaline material. 15 In humans, hyaline arteriolopathy is characterized by hyaline nodules that replace injured smooth muscle cells and bulge into the adventitia (Figure 2a and b) . With time, these growing nodules can cause significant narrowing of the arteriolar lumina.
28, 31 Immunostaining reveals trapping of IgM and C3 at the sites of hyaline accumulation. 17 Hyaline arteriolopathy should be distinguished from arteriolar hyalinosis that occurs secondary to persistent mechanical endothelial cell injury that is not accompanied by significant damage to the muscularis, such as seen in association with hypertension and diabetes. As such, the latter hyaline is often, but not always, subendothelial in nature ( Figure 2c) . 17 In diabetes, glycemia can further accelerate endothelial damage through oxidative stress. The systematic toxicity of hyperglycemia can explain the characteristic presence of arteriolar hyalinosis in both afferent and efferent arterioles in diabetic nephropathy. 32 Local ischemia secondary to hyaline arteriolopathy and luminal narrowing contribute to the development of striped interstitial fibrosis/tubular atrophy. Hypoxemia from renal vasoconstriction lead to the formation of reactive oxygen species 33, 34 and upregulation of transforming growth factor beta by tubular epithelial cells that promotes fibrosis. 35 The above changes manifest histologically as interstitial fibrosis and tubular atrophy in a band-like or "striped" pattern.
Ischemia secondary to hyaline arteriolopathy can also lead to glomerulosclerosis and loss of functioning nephrons downstream of the significantly narrowed arterioles. With time, segmental glomerulosclerosis develops in response to compensatory glomerular hyperfiltration in these patients who often have a single functioning allograft. This focal segmental glomerulosclerosis (FSGS) is typically characterized by glomerular enlargement and focal foot process effacement. Such adaptive FSGS should be distinguished from the rare form of recurrent primary FSGS, which is characterized by extensive podocyte damage leading to near complete foot process effacement. 31 In general, the histologic lesions that are described in chronic CNI nephrotoxicity are rather nonspecific. 36 Clearly glomerulosclerosis is a nonspecific pattern of injury that can follow any glomerular, tubulointerstitial, or vascular damage. In addition to the subjectivity in defining striped fibrosis, the latter has been described in patients with hypertensionassociated small vascular disease 17, 37 and in patients with long-standing heart failure. 38 Although nodular arteriolar hyalinosis of the muscularis is regarded as the typical histologic feature of chronic CNI nephrotoxicity, 8, 39 Snanoudj et al. 40 showed smooth muscle replacement by hyaline in 28% of kidney allograft recipients who had never received CNI. Another study reported identical degrees of arterial hyalinosis in late kidney allograft biopsies from compliant and noncompliant patients. 41 Einecke et al. 42 demonstrated the complexity of interpretation of arteriolar hyalinosis, which may reflect donor disease, antibodymediated rejection, or adequate exposure to CNI rather than true toxicity.
It is becoming apparent that at least some of the chronic changes traditionally attributed to CNI nephrotoxicity in kidney transplant recipients, may be a consequence of previously unrecognized immunologic injury. 43 Additionally, CNI-induced vascular sclerosis and hypoperfusion may lead to enhancement of proinflammatory milieu in the graft leading to more tubulointerstitial inflammation and fibrosis. Either way, this may question the benefit of reducing CNI dose to treat what is referred to as "chronic CNI nephrotoxicity," which some experts even question its existence. 44 
Histologic Grading
Because arteriolar hyalinosis was traditionally linked to CNI toxicity, the Banff grading system for allograft biopsies had created a semiquantitative scoring system for arteriolosclerosis, which mainly emphasized hyaline accumulation: ah0-3: ah0, no periodic acid-Schiff (PAS)-positive hyaline thickening; ah1, mild to moderate PAS-positive hyaline thickening in at least 1 arteriole; ah2, moderate to severe PAS-positive hyaline thickening in more than 1 arteriole; ah3, severe PAS-positive hyaline thickening in many arterioles. 45 However, the aforementioned system was criticized to be very subjective (no clear definition of hyaline location, severity, or number of affected arteries) and incomplete (e.g., no specific score for moderate to severe hyaline thickening in a single arteriole). As a result, it was not surprising that such grading system showed poor interobserver reproducibility. 46 Because of these limitations, Mihatsch and colleagues proposed an alternative semiquantitative scoring system (aah0-3) based on a more objective definition of arteriolar hyaline lesions that felt to be more representative of CNI toxicity. 21, 39 In this new Electron microscopy from a kidney allograft recipient with late allograft dysfunction attributed to chronic calcineurin inhibitor toxicity reveals hyaline accumulation within the muscularis of an afferent arteriole bulging to the adventitia of the vessel (arrow, electron microscopy, original magnification Â5000). (c) Electron microscopy from a patient with diabetic glomerulosclerosis who was never exposed to calcineurin inhibitors. Note the prominent subendothelial hyaline accumulation. However, this hyalinosis focally extends to the muscularis and bulges to the adventitia to cause a vague beaded appearance (arrows). This finding is rarely observed in diabetic or hypertensive patients (electron microscopy, original magnification Â3000).
REVIEW scoring system, arteriolar hyalinosis is assessed depending on the number of arterioles affected by focal or circumferential hyaline involvement of their smooth muscle layer: aah0, no typical lesions of CNI arteriolopathy; aah1, replacement of degenerated smooth muscle cells by hyaline deposits in only 1 arteriole without circumferential involvement; aah2, replacement of degenerated smooth muscle cells by hyaline deposits in more than 1 arteriole without circumferential involvement; aah3, replacement of degenerated smooth muscle cells by hyaline deposits with circumferential involvement, independent from the number of affected arterioles (Figure 3a and b) . 8, 47 Compared with the original grading, the alternative scoring system showed improvement in interobserver reproducibility (kappa from 0.52 to 0.67). 8 Thus, this alternative system was encouraged by the 2007 Banff meeting on Allograft Pathology to be widely tested, 47 but still not formally adapted. With regard to its association with CNI toxicity, the alternative scoring system still suffers from some limitations, especially lack of sensitivity (not all cases of CNI toxicity are expected to show muscular hyalinosis that can be identified at the light microscopic level). With regard to its potential prognostic value, the alternative scoring system may dangerously ignore prominent arteriolar hyalinosis that does not extend into the media (Figure 3c) . Notably, neither the original nor the alternative arteriolar hyaline scores correlated with blood levels of either cyclosporine or tacrolimus. 8 This might be related to the fact that these levels were only recorded at the time of biopsy and thus may not be representative of the cumulative CNI effects.
To further test these scoring systems, we studied kidney transplant recipients at Columbia University who had allograft biopsies between July 2016 and January 2017 with post-reperfusion biopsies available for assessment. The institutional review board approved this unpublished research and PAS sections were used to grade arteriolar hyalinosis using both scoring systems (ah and aah). For the purpose of this study, we calculated D ah scores (ah at time of biopsies À ah at time of post-reperfusion biopsy) to evaluate posttransplantation evolution of ah score. The biopsies were obtained on an average of 2.2 years posttransplantation (earlier than the original study of Sis et al., 8 which was 4.4 years after transplantation). In an attempt to assess cumulative tacrolimus exposure, we used a score created by multiplying the average of tacrolimus levels with the posttransplant period (time averaged tacrolimus level ¼ average trough tacrolimus
. Our study revealed a few findings that deserve comment. First, we found negative Dah in a minority of patients suggesting sampling error and/or probably some posttransplantation regression of donor-derived arteriolar hyalinosis. Second, our analysis revealed that ah score is significantly higher than aah scores (and also than Dah scores) (Figure 4a ), confirming that depending only on the alternative scoring system may hazardously ignore some arteriolar hyalinosis, which may potentially impact prognosis. Third, although all 3 scoring systems correlated significantly with cumulative tacrolimus levels, the best correlation was observed using the Dah scoring system (ah [r ¼ 0.41, P < 0.001], aah [r ¼ 0.38, P < 0.001], and Dah [r ¼ 0.57, P < 0.001]) (Figure 4b ). In conclusion, we found no overt advantage of relying only on the alternative scoring system and we recommend comparing arteriolar hyalinosis scores with the ones obtained earlier on to develop an idea about cumulative tacrolimus effect.
mTOR Inhibitors
The use of mTOR inhibitors (e.g., sirolimus and everolimus) aimed to prevent rejection while avoiding undesirable toxic effects attributed to CNI. 48 Although these new medications brought high expectations initially because of their additional antifibrosis and anticancer effects, 49-51 mTOR inhibitors could not replace CNI as the main immunosuppression maintenance. In fact, none of the clinical trials have demonstrated improvement in patient or allograft survival in mTOR inhibitor regimens when compared with CNI. 52, 53 Similar to tacrolimus, mTOR inhibitors form a complex with the FK506-binding protein 12. However, unlike the tacrolimus-FK506-binding protein 12 complex that inhibits calcineurin, this newly formed complex effectively inhibits mTOR to prevent subsequent protein synthesis and lymphocyte division mainly by blocking IL-2. 54, 55 Importantly, mTOR inhibitors can also inhibit vascular endothelial growth factor, which has the same downstream cascade of IL-2. 56 Although the main reason for using mTOR inhibitors was to prevent CNI toxic side effects, mTOR inhibitors did not emerge as completely safe medications. Evidence that mTOR inhibitors cause de novo or increased proteinuria is unequivocal. 57 Other histological features that have been described with mTOR inhibitors involve FSGS 58 (including collapsing FSGS 59 ), TMA, 60,61 ATN, 62 and atypical casts. 63 
Proteinuria and FSGS
In 2003, the development of proteinuria was noted in a subpopulation of renal transplant recipients after conversion from CNI to sirolimus. 64 Since then, several studies have documented nephrotic range proteinuria in some patients after such conversion. 65, 66 Moreover, a clinical trial in patients with autosomal dominant polycystic kidney disease has revealed higher proteinuria levels in patients who were randomized to receive sirolimus compared with those who received placebo. 67 Cinà et al. 68 demonstrated that mTOR knockout mice develop proteinuria at 3 weeks of age and end-stage renal failure by 5 weeks. When further assessed, podocytes from these mice showed accumulation of phagolysosomes and damaged mitochondria, suggesting that the proteinuria is likely of glomerular origin. 68 This notion is further supported by the high rate of patients with nephrotic range proteinuria and the efficiency of angiotensin conversion enzyme inhibitors in reducing mTOR-induced proteinuria. 66, 69 Podocyte injury secondary to downregulation of vascular endothelial growth factor expression is a potential contributing factor. 60, 68, 69 a b
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The association between mTOR inhibitors and FSGS is more complex. Several case series in kidney transplant patients treated with mTOR inhibitors have described the development of de novo FSGS. 58, 59, 64, 70, 71 The few cases that were further characterized by immunohistochemistry showed decreased podocyte expression of vascular endothelial growth factor-A, PAX2, synaptopodin, podocin, and nephrin. 58, 72 Only a few small studies showed de novo FSGS development in renal transplant recipients who were maintained on sirolimus and never received CNI. 71, 73 Although it is plausible to believe that proteinuria and podocyte damage may accelerate the development of FSGS in the allograft, this phenomenon remains unproven. First FSGS is not infrequently encountered in late allograft biopsies (these patients often have 1 kidney and are prone to several immune and nonimmune injuries that can lead to secondary FSGS). Second, the patients who are usually switched from CNI to mTOR inhibitors most often have significant tubulointerstitial scarring, a well-known risk factor for adaptive FSGS. Third, although it is expected that up to 10% of patients in CNI regimens may develop FSGS lesions, 74 there have been no randomized clinical trials to compare FSGS incidence between patients on CNI and a CNI-free mTOR regimen.
The association of mTOR inhibitors with collapsing FSGS, a poor prognosis variant of FSGS that is characterized by proliferation of glomerular epithelial cells and glomerular tuft collapse, is even more controversial. De novo collapsing FSGS has been reported in 2 patients who were maintained on mTOR inhibitors. 59, 70 At Columbia University, we observed 5 cases of collapsing FSGS in patients who were on sirolimus at the time of biopsy (Figure 5a ). This is striking given that <5% of our kidney transplant recipients are maintained on such therapy. However, when further assessed, we found that 2 of these 5 patients were simultaneously maintained on tacrolimus and showed TMA on their allograft biopsies. Another patient had an infection with HIV and recent history of TMA, whereas the 2 remaining patients had features of T-cell-mediated rejection on their biopsies (grade 1B and borderline changes). This may suggest that a second hit is needed in patients on mTOR inhibitors to develop collapsing FSGS.
In contrast to the allograft setting, sirolimus has been used with limited success as a treatment for idiopathic/primary FSGS in the native kidney. A clinical trial reported complete or partial remission of proteinuria in 12 of 21 (57%) patients with steroidresistant primary FSGS who were treated with sirolimus, 75 whereas another study reported successful treatment of 3 patients with primary FSGS using sirolimus combined with low-dose steroids. 76 It has been proposed that prolonged mTOR activation can lead to podocyte dedifferentiation, thus offering a The same biopsy reveals fibrinoid necrosis affecting an afferent arteriole leading to severe glomerular retraction due to secondary ischemia (hematoxylin and eosin, original magnification Â400).
rationale to use mTOR inhibitors in treating primary FSGS. 77 
Thrombotic Microangiopathy
Data from several clinical trials suggest an association between sirolimus and TMA. 60, 61, 78 This is likely mediated by blocking vascular endothelial growth factor effects and interrupting the cell cycle, and thus, leading to decreased endothelial survival. 60, 69 mTOR-associated TMA appears to occur preferentially in patients with concomitant renal injury, such as acute rejection (immunologically mediated) 60 or combining CNI and mTOR inhibitor treatment (additional drug-induced injury) (Figure 5b) . 18, 79, 80 From this point of view, sirolimus may act as a subsequent aggressor to intensify endothelial cell damage and enhance the risk of overt TMA.
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ATN and Atypical Casts
A study published in 2002 evaluated the impact of immunosuppression in kidney transplant recipients with delayed graft function. 63 The investigators found that delayed graft function was more common in patients treated with sirolimus and that 12 patients treated with both sirolimus and tacrolimus developed intratubular cast formation that morphologically resembles myeloma cast nephropathy. Although data on kappa and lambda light chain staining were not provided, these casts were composed, at least in part, of degenerating renal tubular cells suggesting a form of tubular injury rather than a dysproteinemia-related renal disease. 63 In 2013, ATN was described in 4 patients who were treated with mTOR inhibitors. 62 These nontransplant patients received mTOR inhibitors for cancer, in higher doses than that usually received by transplant patients. The authors suggest that induction of autophagy by mTOR inhibitors aggravates tubular dysfunction and leads to ATN. 62 In conclusion, both CNI and mTOR inhibitors can cause functional and structural injury to the kidney allografts, which may affect long-term allograft function. At least some of the drug-induced toxicities appear to be dose-related and multifactorial in nature. The limitations of studying CNI and mTOR toxicity include the lack of highly specific morphologic changes or precise immunologic markers that are pathognomonic for such toxicity. The low interobserver reproducibility for CNI toxicity and the lack of randomized trials for mTOR inhibitors further add to these limitations. Therefore, it is of major importance to integrate clinical data to interpret histological changes and guide therapeutic interventions in the right direction. 
